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Objectives. The purpose of this study was to determine whether
the QT interval dynamics that precede torsade de pointes are
consistent with the initiation of this arrhythmia by early
afterdepolarization-induced triggered activity.
Background. Early afterdepolarization-induced triggered activ-
ity has been suggested as an electrophysiologic mechanism for
torsade de pointes. Consequently, the initiation of torsade de
pointes should involve time- and rate-dependent alterations of
ventricular repolarization similar to those known to modulate the
development of early afterdepolarizations.
Methods. RR and QT intervals were measured in digitized 24-h
ambulatory electrocardiographic recordings obtained from seven
patients with acquired prolongation of ventricular repolarization.
Each patient had one or more episodes of torsade de pointes. The
relation between RR and QT intervals was determined before,
during and after multiple episodes of torsade de pointes.
Results. In patients with multiple episodes of ventricular
arrhythmias, the onset of the arrhythmias was associated with a
critical prolongation of the QT interval. In some episodes, pro-
longation of the QT interval was associated with sudden prolon-
gation of the sinus cycle length, whereas in other episodes, the QT
interval prolonged progressively at a constant cycle length.
Conclusions. The association between a critically prolonged
QT interval and the onset of ventricular arrhythmias suggests
that the initial complex of torsade de pointes is an early
afterdepolarization-induced triggered response. However, pro-
longation of the QT interval itself was not sufficient to account
for the initiation of torsade de pointes, suggesting that other, as
yet unidentified factors are required.
(J Am Coll Cardiol 1997;30:209–17)
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The electrophysiologic mechanism for torsade de pointes, a
polymorphic ventricular tachycardia characterized by a twist-
ing of R wave polarity (1), has not been established. Current
hypotheses with respect to the mechanism for this arrhythmia
include a dispersion of repolarization that predisposes to the
development of reentry and triggered activity initiated by early
afterdepolarizations (2–6). Distinguishing between these two
mechanisms may have clinical implications with respect to
the selection of appropriate therapeutic interventions (2–7).
In addition, criteria used to invoke or eliminate early
afterdepolarization-induced triggered activity as a mechanism for
torsade de pointes might also be used to determine whether such
a mechanism can account for the development of ventricular
arrhythmias in other forms of heart disease (8–10).
As reported by Locati et al. (11), oscillations of the RR
interval, typically of the “short-long” type, precede the initia-
tion of ventricular arrhythmias in patients with acquired pro-
longation of repolarization. The presence of a “short-long”
sequence would be expected to prolong action potential dura-
tion (reflected by a prolongation of the QT interval), which
might facilitate the initiation of early afterdepolarization-
induced triggered activity (9,10). The purpose of the present
study was to determine whether, in fact, prolongation of the
QT interval preceded the development of episodes of ventric-
ular arrhythmias in patients with acquired prolongation of
repolarization.
Methods
Patient group. The criteria for patient selection have been
described previously by Locati et al. (11). Briefly, seven
patients with acquired prolongation of ventricular repolariza-
tion, in whom one or more episodes of torsade de pointes had
been recorded on a 24-h ambulatory electrocardiographic
(ECG) monitor, were selected from the data base of the
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Cardiology Unit of the Hoˆpital Lariboisiere, Paris, France. The
clinical characteristics of the patients are given in Table 1. All
patients had a known rhythm disorder, but none had a history
of nonsustained or sustained ventricular tachycardia and none
was taking antiarrhythmic medication for treatment of ventric-
ular arrhythmias. The mean (6SEM) QT interval of the
patients was 640 6 31 ms, and the rate-corrected QT interval
(QT/[RR]1/2) was 600 6 19 ms. Prolongation of the QT
interval was associated with quinidine administration, with or
without hypokalemia (serum [K1] ,3.5 mEq/liter), in four
patients, with hypokalemia alone in two patients and with
bepridil administration in one patient. Four of the patients also
were taking amiodarone, which may have contributed to QT
prolongation.
Data analysis. Electrocardiographic recordings were ob-
tained using portable battery-operated, two-channel cassette
recorders (ICR model 7200, ELA model 2448 or Marquette
model 8500) and were read using a Del Mar 563 (Del Mar
Avionics) analysis system to create a digitized record of the
entire 24 h. These files subsequently were transferred to a
Power Macintosh 7100/66 or 8100/80 (Apple Computer, Inc.)
and analyzed using script files written in MATLAB 4.2c (The
Mathworks Inc.). The RR intervals were identified using
algorithms based on those described by Pan and Tompkins
(12). QT intervals were calculated after labeling the peak of
the T wave (i.e., maximal positive or negative deflection)
within a window of 600 ms from the associated R wave. After
automated analysis of the entire tape, text files of 2- to 25-min
segments of the tape containing regions of particular interest
were transferred to AcqKnowledge 3.0, where they were
upsampled to 1,000 Hz using linear interpolation. The RR
and QT intervals were then measured manually using the
AcqKnowledge analysis program. The resulting data files were
transferred to StatView (Abacus Concepts) for further analysis
and display.
Measurements. The RR intervals were measured as the
interval between peak R wave deflections. For analysis of the
relation between RR and QT intervals preceding an episode of
ventricular arrhythmias, QT intervals were measured as the
interval between the peak R wave deflection and the peak of
the T wave. If more than one peak was present in the T wave,
measurements were made to the last peak. Measurements also
were made from the peak of the R wave to the end of the T
wave, defined as the return to the isoelectric line, in two
patients (Patients 2 and 5). In these patients, the QT interval
dynamics were essentially the same, regardless of whether the
R to peak of T or the R to end of T measurements were used
for the analysis. Because the initial deflection of the first
premature ventricular complex of an episode of ventricular
arrhythmias always occurred at or after the peak of the T wave,
the R to peak of T interval could be measured for all
complexes up to and including the final sinus complex preced-
ing the onset of ventricular arrhythmias. For this reason,
measurements of R to peak of T were used for the analyses
presented subsequently.
For analysis of QT intervals during episodes of ventricular
arrhythmias, the QT interval was measured as the interval
between the peak R wave deflection and the end of the T wave
(as described in more detail in the Results). Measurements
were made to the end of the T wave because the end of the T
wave could be identified more reliably than the peak of the T
wave during episodes of ventricular arrhythmias. All QT
intervals are presented as absolute values and were not cor-
rected for heart rate.
The RR and QT intervals initially were determined using
the automated analysis system. Thereafter, the RR and QT
intervals during the 2 min that preceded each episode of
ventricular arrhythmias and during selected periods of sinus
rhythm in the absence of arrhythmias were measured man-
ually. The resolution of the automated measurements was
4 ms and the resolution of the manual measurements was
1 ms. For the manual measurements, repeated measure-
ments of the same record by the same investigator varied by
2 to 4 ms.
Statistical analysis. Data are expressed as mean value 6
SEM. Linear regression analysis was performed using a com-
mercially available program (StatView). The slopes of the
regression lines were compared using t tests. The p value ,
0.05 was considered statistically significant.
Table 1. Clinical Characteristics of Patients
Pt No. Age/Gender Cardiac Disease
Reason for Holter
Monitoring
Underlying
Arrhythmia Ongoing Therapy
Provoking
Factor
1 75/F ANH Syncope PAF Quin, Amio HypoK1, Quin
2 85/F IHD Control PAC Quin HypoK1, Quin
3 59/F IHD, RVD (MR) Control PAF Quin Quin
4 80/M DCM, HTN Control PAF, PVC Quin, Amio, Diur HypoK1, Quin
5 75/F IHD, CHF, HTN Malaise SR, LBBB Bepr, Amio, Diur Bepr
6 72/F ANH, HTN Syncope VB Diur HypoK1
7 62/F RVD (MS) Control PAF Amio, Diur HypoK1
Amio 5 amiodarone; ANH 5 apparently normal heart; Bepr 5 Bepridil; CHF 5 chronic heart failure; Control 5 assessment of cardiac treatment; DCM 5 dilated
cardiomyopathy; Diur 5 diuretic drugs; F 5 female; HTN 5 hypertension; HypoK1 5 hypokalemia; IHD 5 ischemic heart disease; LBBB 5 left bundle branch block;
M 5 male; Malaise 5 presyncope or palpitations; MR 5 mitral regurgitation; MS 5 mitral stenosis; PAC 5 premature atrial complexes; PAF 5 paroxysmal atrial
fibrillation; Pt 5 patient; PVC 5 premature ventricular complexes; Quin 5 hydroquinidine; RVD 5 rheumatic valve disease; SR 5 sinus rhythm; Syncope 5 complete
loss of consciousness; VB 5 ventricular bigeminy.
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Results
Characteristics of the ventricular arrhythmias. Of the
seven patients, one patient developed a single episode of
torsade de pointes during the recording period, three patients
developed two episodes and the remaining three patients
developed multiple episodes (7, 16 and 34 episodes, respec-
tively). In addition to episodes of torsade de pointes, all
patients developed episodes of ventricular arrhythmias that
included single premature ventricular complexes and salvos of
premature ventricular complexes interspersed with sinus com-
plexes. In two patients, virtually incessant ventricular arrhyth-
mias were present over the entire recording period. One of
these patients had a single episode of torsade de pointes and the
other patient had two episodes. In the remaining five patients,
ventricular arrhythmias were episodic. Consequently, it was pos-
sible to compare the RR and QT intervals that preceded episodes
of ventricular arrhythmias with those that did not.
Initiation of premature ventricular complexes. During the
24-h period of ambulatory ECG monitoring, episodes of
ventricular arrhythmias were associated in all patients with
periods of prolonged QT intervals. As expected, the prolonged
QT intervals typically were associated with long RR intervals.
An example of the correspondence of episodes of ventricular
arrhythmias with the QT and RR intervals is shown in Figure 1.
Both episodes that contained torsade de pointes and those that
contained only single premature ventricular complexes or salvos
of premature ventricular complexes were associated with periods
of the record that showed the longest QT intervals.
To examine the relation between RR and QT intervals and
the initiation of episodes of ventricular arrhythmia in more
detail, the RR and QT intervals were measured manually with
high resolution before, during and after multiple episodes of
ventricular arrhythmias. Figure 2 shows the sequences of the
Figure 1. QT (upper panel) and RR (lower panel)
intervals during ambulatory ECG monitoring in a
patient with acquired prolongation of repolariza-
tion (Patient 2). Episodes of ventricular arrhyth-
mias that included torsade de pointes are indicated
by the vertical lines. (See text for discussion.)
Figure 2. RR and QT intervals during periods of normal sinus rhythm
and ventricular arrhythmias in a patient with acquired prolongation of
repolarization (Patient 2). A, RR intervals during seven episodes of
ventricular arrhythmias (numbered 1 to 7) interspersed with periods of
sinus rhythm. B, QT intervals corresponding to the RR intervals in A.
QT intervals during the episodes of ventricular arrhythmias are
excluded. (See text for discussion.)
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RR and QT intervals for seven episodes of ventricular arrhyth-
mias and the intervening periods of sinus rhythm for Patient 2.
Immediately after each episode of ventricular arrhythmias, the
RR interval tended to shorten. Subsequently, the RR interval
either prolonged throughout the time between episodes of
ventricular arrhythmias or prolonged initially and was rela-
tively constant thereafter. The QT interval shortened initially
after each episode of ventricular arrhythmias. The QT interval
then prolonged, at first rapidly and then more slowly, before
the onset of the next episode.
The first premature ventricular complex of an episode of
ventricular arrhythmias was preceded by a QT interval that was
longer than any of the QT intervals since the end of the
previous episode of arrhythmias. Examples of this phenome-
non are shown in Figures 3 and 4. Prolongation of the QT
interval before initiation of an episode of ventricular arrhyth-
mias typically was associated with prolongation of the RR
interval (Fig. 3 and 4). However, the QT interval was not solely
a function of the immediately preceding RR interval. For
example, the final stage of QT prolongation shown in Figure
4A occurred during a gradual lengthening of the RR interval.
Longer RR intervals and “short-long” RR interval sequences
that occurred at earlier times produced less prolongation of
the QT interval. Similarly, in Figure 4B, long RR intervals
occurred both at 270 s and just before the initiation of the first
premature ventricular complex (RR 5 1,413 and 1,432 ms,
respectively), yet the second RR interval produced the greater
prolongation of the QT interval. In Figure 4C, two marked
prolongations of the RR interval at 805 s (RR 5 1,441 ms) and
1,004 s (RR 5 1,488 ms) failed to increase the QT interval
sufficiently to initiate a premature ventricular complex,
whereas greater QT prolongation and initiation of a premature
ventricular complex occurred after a shorter RR interval
(RR 5 1,365 ms) at a later time (1,071 s).
Given that the QT interval was not solely a function of the
preceding RR interval, we determined whether the relation
between the RR and QT intervals differed according to the
time at which the intervals were recorded (i.e., immediately
before or after an episode of ventricular arrhythmias or during
a period of no arrhythmias). As shown in Figure 5A, the slope
of the linear relation between the RR and QT intervals was
less steep for the 10 intervals that preceded an episode of
Figure 3. QT (A) and RR (B) intervals preceding the
onset of ventricular arrhythmias in a patient with
acquired prolongation of ventricular repolarization
(Patient 2). The ECG recordings for the six circled
complexes in A and B are shown in C, aligned by the
R wave. The terminal portions of the T waves for
these complexes are shown in D at an expanded time
scale. The asterisks indicate the fiducial point on the
T wave for the QT measurements. The QT interval
increased progressively throughout the record, cul-
minating in a premature ventricular complex (re-
cording 6) that initiated an episode of ventricular
arrhythmias. Note that RR intervals 2 and 3 were
similar, as were RR intervals 4 and 5, yet the
corresponding QT intervals differed.
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ventricular arrhythmias than for earlier intervals. Conse-
quently, just before the onset of an episode of ventricular
arrhythmias, the QT interval was longer for any given RR
interval than immediately after an episode of arrhythmias (Fig.
5A) or during a period of sinus rhythm in the absence of
arrhythmias (Fig. 5B).
A reduction in the slope of the QT/RR interval relation
before initiation of an episode of ventricular arrhythmias
occurred in four of the five patients having multiple episodes of
arrhythmias (all slopes ,0.190). In Patient 5, the relations
between the QT and RR intervals were not significantly
different just before or after an episode of ventricular arrhyth-
mias (Fig. 6). In this patient, prolongation of the QT interval
preceding the onset of an episode of ventricular arrhythmias
always was associated with prolongation of the RR interval.
Determinants of the number of consecutive premature
ventricular complexes. Our next objective was to determine
whether changes in the QT interval could account for the
patterns of premature ventricular complexes that occurred
Figure 4. RR and QT intervals preceding the onset of ventricular
arrhythmias in a patient with acquired prolongation of ventricular
repolarization (Patient 2). A–C, Time series of RR (solid circles) and
QT intervals (open circles) beginning with the first sinus complex after
an episode of ventricular arrhythmias and ending with the last sinus
complex preceding the initial premature ventricular complex of the
5th, 2nd and 7th episodes, respectively, of ventricular arrhythmias
shown in Figure 2. (See text for discussion.)
Figure 5. Relation between the QT and RR intervals in a patient with
acquired prolongation of ventricular repolarization (Patient 2). A,
Relation between the QT and RR intervals for the periods of sinus
rhythm separating the seven episodes of ventricular arrhythmias shown
in Figure 2. The QT/RR relations are shown for the last 10 intervals
preceding episodes of ventricular arrhythmias (late [QTl and RRl],
upper left) and for the remaining intervals (early [QTe and RRe]).
There was an upward shift of the QT interval for a given RR interval
preceding the onset of ventricular arrhythmias. The upward shift of the
QT interval was greater for short RR intervals than for long RR
intervals, resulting in a more shallow slope for the relation between the
RR and QT intervals (0.190 vs. 0.411). B, Relation between the QT
and RR intervals for two periods of sinus rhythm (QT, RR and QT2,
RR2 complexes near 31,000 and 48,000 in Fig. 1; 1,200 intervals). The
slopes of the relation between the RR and QT intervals did not differ
between the two periods of sinus rhythm (0.319 vs. 0.277) and were
intermediate to the slopes obtained for early and late intervals in A.
(See text for further discussion.)
213JACC Vol. 30, No. 1 GILMOUR ET AL.
July 1997:209–17 QT DYNAMICS PRECEDING TORSADE DE POINTES
during episodes of ventricular arrhythmias and for the termi-
nation of such episodes. For this part of the study, it was
assumed that the premature ventricular complexes during
episodes of ventricular arrhythmias were caused by early
afterdepolarization-induced triggered responses. Therefore, the
sequence of a sinus complex followed by a premature ventricular
complex, for example, would correspond to a single cellular action
potential followed by an early afterdepolarization-induced
triggered response (Fig. 7). The total duration of the action
potential would then correspond to the QT interval encom-
passed by the sinus-initiated complex and the triggered com-
plex. The duration of any given action potential would be
expected to be proportional to the diastolic interval between
action potentials (i.e., the longer the diastolic interval, the
longer the action potential duration) (13–15). Moreover, the
longer the action potential duration, the higher the probability
that a triggered response would occur (9,10). From the stand-
point of the ECG, it follows that the longer the TQ interval,
the longer the subsequent QT interval.
Figure 8A illustrates the relation between the QT interval,
measured as described earlier, and the TQ interval for all
complexes associated with seven episodes of ventricular ar-
rhythmias in Patient 2. Displayed in this way, there appears to
be no particular relation between the preceding TQ interval
and the subsequent QT interval. However, if the intervals are
sorted in rough order of their occurrence, a more useful
picture emerges, as shown in Figure 8B.
The QT intervals corresponding to sinus complexes that
occurred before or after the episode of arrhythmias (QT1 and
QT5 in Fig. 8B) remained ,1,000 ms and were preceded by
TQ intervals ,1,000 ms. The QT intervals associated with the
first two premature ventricular complexes of an episode (i.e.,
sinus-premature ventricular complex, sinus-premature ventric-
ular complex [QT2]) were approximately twice those of the
sinus complexes, as expected (Fig. 7). They occurred primarily
after TQ intervals of 800 to 1,000 ms, indicating a further
progression of the time-dependent prolongation of the QT
interval shown in Figure 5.
The QT intervals during torsade de pointes (QT3 in Fig.
8B) occurred at somewhat longer TQ intervals than the single
premature ventricular complexes, although the overlap in cycle
lengths suggests that further time-dependent prolongation of
the QT interval occurred. After torsade de pointes, the QT
intervals (QT4) returned to the range expected for single
premature ventricular complexes and couplets. However, these
QT intervals were preceded by TQ intervals that were longer
than those that preceded the initial single premature ventric-
ular complexes and couplets (1,500 to 1,950 ms vs. 640 to
1,260 ms, respectively).
The mean trends for the QT and TQ intervals for Patient 2
are shown in Figure 9. During episodes of arrhythmias, the TQ
interval increased progressively, from TQ1 through TQ4,
whereas the QT interval increased initially, from QT1 through
QT3 (torsade de pointes), and then decreased after the
episode of torsade de pointes (QT4). Both the TQ (TQ5) and
QT (QT5) intervals became shortened immediately after the
episodes of arrhythmias ended. Similar results were observed
in the other four patients who had multiple episodes of
ventricular arrhythmias.
Discussion
New findings. The results of this study indicate that a
critical prolongation of the QT interval was associated with the
initiation of ventricular arrhythmias in patients with acquired
prolongation of ventricular repolarization. Moreover, the QT
interval was a function not only of the immediately preceding
RR interval, but also of previous RR intervals. For any given
RR interval, the QT interval was shortest immediately after an
episode of ventricular arrhythmias, prolonged rapidly over the
next 10 to 20 beats and then more slowly before the onset of
the next episode of ventricular arrhythmias. Consequently, the
QT dynamics associated with the initiation and termination of
torsade de pointes were complex and not adequately explained
by short-term RR interval patterning.
Figure 6. Relation between the QT and RR intervals in a patient with
acquired prolongation of ventricular repolarization (Patient 5). A,
Time series of RR (solid circles) and QT (open circles) intervals
beginning with the first sinus complex after the end of an episode of
ventricular arrhythmias and ending with the last sinus complex pre-
ceding the next episode of ventricular arrhythmias. B, QT/RR interval
relation for the periods of sinus rhythm separating five episodes of
ventricular arrhythmias. The intervals were divided into early and late,
as described in Figure 5 (see legend, upper left). There was no
significant difference between the slopes of the QT/RR interval
relation for early or late intervals (0.328 vs. 0.384, lower right).
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Rate- and time-dependent alterations of ventricular repo-
larization. Although the electrophysiologic mechanism re-
sponsible for the maintenance of torsade de pointes remains to
be determined, there appears to be general agreement that this
arrhythmia is initiated by a premature ventricular complex,
usually in the setting of bradycardia and usually after a pause
(2–6,16,17). The mechanism for the premature ventricular
complex has not been established. The results of the present
study suggest that the premature ventricular complex is not a
random event, but one predicated on a critical prolongation of
the QT interval. The QT interval, in turn, is dependent not
only on the immediately preceding RR interval, but also on the
cumulative effects of the bradycardia that precedes an episode
of ventricular arrhythmias and on the tachycardia that occurs
during the episode.
As a first approximation, the rate and time dependence of
the QT interval can be attributed to the relation between the
QT and TQ interval and the upward and downward shifts of
that relation produced by bradycardia and tachycardia, respec-
tively. This behavior derives from the dependence of action
potential duration on the preceding diastolic interval, and the
dependence of that relation on the preceding pacing cycle
length (“memory”) (13–15). Because of memory, adaptation of
action potential duration or the QT interval to an abrupt
change in heart rate is not immediate but occurs in at least two
phases: the majority of the adaptation occurs rapidly, within 1
to 10 beats, whereas the remainder of the adaptation may
occur over several hundred subsequent beats (13–15,18–21).
The slow adaptation phase may be prolonged further by
surgical interruption or pharmacologic blockade of cardiac
sympathetic nerves (20,21).
In the present study, the effects of bradycardia on the QT
interval included both a rapid and a slow phase of adaptation.
After an episode of ventricular arrhythmias, abrupt slowing of
the heart rate initially was accompanied by a marked prolon-
gation of the QT interval, which in most cases was insufficient
to initiate further arrhythmias. Subsequently, the more slowly
developing adaptation of the QT interval to the bradycardia, as
reflected in the upward shift of the QT/TQ relation over a time
course of minutes, eventually precipitated another episode of
arrhythmias. In contrast, the rapid downward shift of the
QT/TQ relation that occurred within the 5- to 16-s duration
episodes of torsade de pointes apparently was sufficient to
terminate the arrhythmia, despite the fact that the QT interval
probably did not reach steady state.
Potential contribution of triggered activity to torsade de
pointes. Experimental studies of early afterdepolarization-
induced triggered activity have shown that the emergence of
triggered activity requires a prolonged period of bradycardia
Figure 7. Relation between QT and TQ intervals during episodes of
ventricular arrhythmias in patients with acquired prolongation of
ventricular repolarization. A, Hypothetic correspondence between a
cellular action potential and early afterdepolarization-induced trig-
gered response (upper record) and the QT interval of the scalar ECG
(lower record). B, Example of QT and TQ intervals measured during
an episode of ventricular arrhythmias: 1 5 intervals during sinus
rhythm preceding initiation of arrhythmias; 2 5 intervals associated
with first three complexes during episodes of ventricular arrhythmias;
3 5 intervals associated with torsade de pointes; 4 5 intervals
associated with complexes that followed torsade de pointes before the
end of the episode; and 5 5 intervals associated with sinus complexes
immediately after termination of the episode.
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and that triggered activity is suppressed during rapid pacing
(9,10,22,23). In addition, studies in spontaneously discharging
Purkinje fibers have shown that early afterdepolarization-
induced triggered activity is suppressed for some time after the
cessation of rapid pacing (24). The postoverdrive suppression
of early afterdepolarization-induced triggered activity may
occur concurrently with overdrive suppression of automaticity.
Consequently, after a period of rapid pacing, the spontaneous
discharge rate is slowed, yet no early afterdepolarization-
induced triggered activity occurs. With time, the spontaneous
discharge rate increases, as does the incidence of triggered
activity. If the spontaneous discharge rate becomes sufficiently
rapid, triggered activity is suppressed.
Based on experimental studies it is expected that ventricular
arrhythmias initiated by early afterdepolarization-induced trig-
gered activity would be most likely to occur during periods of
bradycardia, would be suppressed by the rapid rates that occur
during a tachyarrhythmia and would not recur immediately
after restoration of bradycardia. These characteristics applied
to the arrhythmias in the present study, as well to the ventric-
ular arrhythmias in patients with acquired prolongation of
repolarization studied previously (2–6).
Triggers versus substrate. Although the initiation of ven-
tricular arrhythmias was associated with prolongation of the
QT interval, not every long QT interval precipitated a prema-
ture ventricular complex. This observation indicates that fac-
tors in addition to a prolonged QT interval were required for
the initiation of ventricular arrhythmias. Candidates for such
factors include changes in serum drug and potassium levels
(9,10,25). In addition, changes in heart rate may have altered
drug binding to various ion channels (26–28). It also seems
likely that alteration of autonomic nervous system tone con-
tributed to modulation of the QT interval in these patients,
both indirectly, through its influence on heart rate, and di-
rectly, through its influence on the ionic mechanisms respon-
sible for repolarization and for the development of early
afterdepolarizations (2–6,11,29–31).
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Figure 8. Relation between QT and TQ intervals during episodes of
ventricular arrhythmias in a patient with acquired prolongation of
ventricular repolarization. A, QT interval as a function of TQ interval
for episodes of ventricular arrhythmias 2, 3, 5, 6 and 7 in Figure 2. B,
The same QT intervals as in A according to their time of occurrence
(see legend, upper left). As shown in Figure 7, QT1 and QT5 are the
QT intervals during sinus rhythm before and after the episodes of
ventricular arrhythmias, respectively; QT2 represents the QT intervals
of the first three ventricular complexes (including intervening sinus
complexes); and QT3 and QT4 are the QT intervals during and after
a run of torsade de pointes, respectively. (See text for discussion.)
Figure 9. QT and TQ intervals associated with episodes of ventricular
arrhythmias in a patient with acquired prolongation of ventricular
repolarization (Patient 2). A, Mean TQ intervals, where TQ1 and TQ5
are the TQ intervals during sinus rhythm before and after the episodes
of ventricular arrhythmias, respectively; TQ2 represents the TQ inter-
vals of the first two ventricular complexes (including intervening sinus
complexes); and TQ3 and TQ4 are the TQ intervals during and after
a run of torsade de pointes. B, Mean QT intervals for the same time
periods as in A. (See text for discussion.)
216 GILMOUR ET AL. JACC Vol. 30, No. 1
QT DYNAMICS PRECEDING TORSADE DE POINTES July 1997:209–17
References
1. Dessertenne F. La tachycardie ventriculaire a deux foyers opposes variables.
Arch Mal Coeur 1966;59:263–72.
2. Coumel P. Early afterdepolarizations and triggered activity in clinical
arrhythmias. In: Rosen MR, Janse MJ, Wit AL, editors. Cardiac Electro-
physiology: A Textbook. Mount Kisco (NY): Futura, 1990:387–411.
3. Jackman WM, Szabo B, Friday KJ, et al. Ventricular tachyarrhythmias
related to early afterdepolarizations and triggered firing: relationship to QT
interval prolongation and potential therapeutic role for calcium channel
blocking agents. J Cardiovasc Electrophysiol 1990;1:170–95.
4. Priori SG, Diehl L, Schwartz PJ. Torsade de pointes. In: Podrid PJ, Kowey
PR, editors. Cardiac Arrhythmia: Mechanisms, Diagnosis and Treatment.
Baltimore (MD): Williams & Wilkins, 1995:951–63.
5. Haverkamp W, Shenasa M, Borgreffe M, Breithardt G. Torsades de pointes.
In: Zipes DP, Jalife J, editors. Cardiac Electrophysiology: From Cell to
Bedside. Philadelphia: W.B. Saunders, 1995:885–99.
6. Locati EH. Torsades de pointes. In: Moss AJ, Stern S, editors. Noninvasive
Electrocardiography: Clinical Aspects of Holter Monitoring. London: W.B.
Saunders, 1996:59–72.
7. Surawicz B. Electrophysiologic substrate of torsade de pointes: dispersion of
repolarization or early afterdepolarizations? J Am Coll Cardiol 1989;14:172–
84.
8. Aronson RS. Mechanisms of arrhythmias in ventricular hypertrophy. J Car-
diovasc Electrophysiol 1991;2:249–61.
9. Cranefield PF, Aronson RS. Cardiac Arrhythmias: The Role of Triggered
Activity and Other Mechanisms. Mount Kisco (NY): Futura, 1988.
10. Wit AL, Rosen MR. Afterdepolarizations and triggered activity: distinction
from automaticity as an arrhythmogenic mechanism. In: Fozzard HA, Haber
E, Jennings RB, Katz AM, Morgan HE, editors. The Heart and Cardiovas-
cular System. New York: Raven Press, 1992:2113–64.
11. Locati EH, Maison-Blanche P, Dejode P, Cauchemez B, Coumel P. Spon-
taneous sequences of onset of torsade de pointes in patients with acquired
prolonged repolarization: a quantitative analysis of Holter recordings. J Am
Coll Cardiol 1995;25:1564–75.
12. Pan J, Tompkins WJ. A real-time QRS detection algorithm. IEEE Trans
Biomed Eng 1985;32:230–6.
13. Boyett MR, Jewell BR. Analysis of the effects of change in rate and rhythm
upon the electrical activity in the heart. Prog Biophys Mol Biol 1980;36:1–52.
14. Colatsky TJ, Hogan PM. Effects of external calcium, calcium channel-
blocking agents, and stimulation frequency on cycle length-dependent
changes in canine cardiac action potential duration. Circ Res 1980;46:543–52.
15. Elharrar V, Surawicz B. Cycle length effect on restitution of action potential
duration in dog cardiac fibers. Am J Physiol 1983;244:H782–92.
16. Keren A, Tzivoni D, Gavish D, et al. Etiology, warning signs and therapy of
torsade de pointes. Circulation 1981;64:1167–74.
17. Roden DM, Woosley RL, Primm RK. Incidence and clinical features of
the quinidine-associated long QT syndrome: implications for patient care.
Am Heart J 1986;111:1088 –93.
18. Janse MJ, van der Steen ABM, van Dam RTh, Durrer D. Refractory period
of the dog’s ventricular myocardium following sudden changes in frequency.
Circ Res 1969;24:251–62.
19. Franz MR, Swerdlow CD, Liem LB, Schaefer J. Cycle length dependence of
human action potential duration in vivo: effects of single extrastimuli, sudden
sustained rate acceleration and deceleration and different steady-state
frequencies. J Clin Invest 1988;82:972–9.
20. Zaza A, Malfatto G, Schwartz PJ. Sympathetic modulation of the relation
between ventricular repolarization and cycle length. Circ Res 1991;68:1191–
1203.
21. Raeder EA, Albrecht P, Perrott M, Cohen RJ. Kinetics of cycle length
dependence of ventricular repolarization: effect of autonomic blockade.
J Cardiovasc Electrophysiol 1995;6:163–9.
22. Dangman KH, Hoffman BF. Studies on overdrive stimulation of canine
cardiac Purkinje fibers: maximum diastolic potential as a determinant of the
response. J Am Coll Cardiol 1983;2:1183–91.
23. Damiano BP, Rosen MR. Effects of pacing on triggered activity induced by
early afterdepolarization. Circulation 1984;69:1013–25.
24. Gilmour RF Jr, Moı¨se NS. Triggered activity as a mechanism for inherited
ventricular arrhythmias in German shepherd dogs. J Am Coll Cardiol
1996;27:1526–33.
25. Roden DM, Hoffman BF. Action potential prolongation and induction of
abnormal automaticity by low quinidine concentrations in canine Purkinje
fibers: relationship to potassium and cycle length. Circ Res 1985;56:857–67.
26. Hondeghem LM, Katzung BG. Antiarrhythmic agents: the modulated
receptor mechanism of action of sodium and calcium channel-blocking
drugs. Annu Rev Pharmacol Toxicol 1984;24:387–423.
27. Sanguinetti MC. Modulation of potassium channels by antiarrhythmic and
antihypertensive drugs. Hypertension 1992;19:228–36.
28. Cohen I, Kline R. K1 fluctuations in the extracellular spaces of cardiac
muscle: evidence from the voltage clamp and extracellular K1-selective
microelectrodes. Circ Res 1982;50:10–6.
29. Ben-David J, Zipes DP. Alpha adrenoceptor stimulation and blockade
modulates cesium-induced early afterdepolarizations and ventricular tachy-
arrhythmias in dogs. Circulation 1990;82:225–33.
30. Hanich RF, Levine JH, Spear JF, Moore EN. Autonomic modulation of
ventricular arrhythmias in cesium chloride-induced long QT syndrome.
Circulation 1988;77:1149–61.
31. Vanoli E, Priori SG, Nakagawa H, et al. Sympathetic activation, ventricular
repolarization and IKr blockade: implications for the antifibrillatory efficacy
of K1 channel blockers. J Am Coll Cardiol 1995;25:1609–14.
217JACC Vol. 30, No. 1 GILMOUR ET AL.
July 1997:209–17 QT DYNAMICS PRECEDING TORSADE DE POINTES
